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Abstract 
With a closed shroud on the top of their blades, the so-called integral shrouded blisks gained more and more applications in turbine 
engines. 5-axis electrical discharge machining (EDM) is regarded as the most effective approach for integral shrouded blisks 
machining. The tool electrode is shaped and reduced according to the profile of the flow channels to get enough space for electrode 
feeding. The key of EDM of integral shrouded blisks is to search an interference-free and optimized electrode feeding path. In this 
paper, a new electrode feeding path searching method called tangent tracking was proposed. Based on the dynamic programming 
methodology, the electrode feeding path searching process is decomposed into a number of electrode attitude optimization 
subproblems. Each subproblem can be further divided into two phases: pre-optimization and re-optimization. The purpose of 
electrode attitude pre-optimization is to make the tangent vector of the electrode centre curve coincide with that of the flow channel 
centre curve at the flow channel s outlet section. If the electrode interferes with the blisk in the pre-optimization, the re-
optimization needs to be conducted in order to find an interference-free attitude in the vicinity of the pre-optimized result. The 
tangent tracking method is validated by an integral shrouded blisk machining experiment 
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1. Introduction 
Blisks play an irreplaceable role in aerospace engines. 
They have vital influence on the engine performance and 
maintenance cost. With a closed shroud on the top of 
their blades, the so-called integral shrouded structure, 
which typically manufactured from one-piece forgings, 
is applied to various parts in a turbine engine, such as 
rotor blisk, stator ring and impeller. Compared with 
shroud-less blisks, integral shrouded ones have several 
advantages such as simple structure, high efficiency and 
high reliability [1], which could conduce to their 
applications in the field of turbine engine, especially in 
rocket engines. For instance, integral shrouded rotor 
blisks and integral shrouded stator rings are applied in 
Vulcain, a kind of cryogenic first stage rocket engine for 
Ariane 5 launch vehicle [2]. 
Multi-axis milling is the most traditional method for 
machining integral shrouded blisks. Although tool path 
generation has been extensively researched [3-4], the 
closed shroud and twist flow channel still has a series of 
machining problems, such as limited tool accessibility. 
Electrochemical machining (ECM) provides an efficient 
method for shaping complex profile. The most difficult 
problem of ECM is the prediction and control of inter-
electrode gap, which limits its application to rough 
machining for blisk [5-6]. 5-axis electrical discharge 
machining (EDM), therefore, is regarded as the most 
effective approach of machining integral shrouded blisks 
[7-8]. The tool electrode is shaped and reduced 
according to the profile of the flow channels to get 
enough motion space. The flow channels are formed by 
feeding the electrode along a designed path and copying 
the blade profile. The key to EDM of the integral 
shrouded blisk is to search an interference-free and 
optimized electrode feeding path. 
Few papers have been reported on the electrode 
feeding path searching in the EDM of integral shrouded 
blisks. Volvo Aero had developed an EDM process for 
manufacturing integral shrouded rotor blisks of the 
Vulcain rocket engine [9]. Wu [10] and Wang [11] 
convert the electrode feeding path planning to an 
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of Professor Bert Lauwers
Open access under CC BY-NC-ND license. 
Open access under CC BY-NC-ND license. 
108   X. Liu et al. /  Procedia CIRP  6 ( 2013 )  107 – 111 
 
inequality constrained optimization problem, and solve it 
with Lagrangian method. Li [12] developed a electrode 
feeding path searching method named primary axis 
searching method, in which the path searching in the 
primary axis is prior to that in the auxiliary directions. 
Machining results show that the size of the electrode is 
restricted by using primary axis searching method. In 
some situations, an interference-free feeding path cannot 
be found by using this method.  
It is proved that keeping the electrode in the centre of 
a flow channel is beneficial for searching an 
interference-free electrode feeding path. A new path 
searching approach called tangent tracking is proposed 
in this paper, which is to make the electrode in the centre 
of the flow channel. 
2. Electrode feeding path searching 
Fig. 1 shows a schematic diagram of the 5-axis EDM 
of an integral shrouded blisk. The electrode path is 
achieved through the coordinated motion of the 
electrode in the X, Y, Z, C axial directions, and the 
coordinated motion of the blisk in the A axial direction. 
The profile of the blisk flow channel is chosen as the 
initial electrode design. To get enough space for feeding 
motion, the electrode needs to be reduced in the 
circumferential direction and radial direction. To some 
twist and bowed blade, the shaped electrode should be 
divided in the axial direction and radial direction, as 
shown in Fig. 2. Although there are several options on 
the starting position of an electrode feeding path, the 
ending position of the feeding path is unique. In fact, the 
trajectory along which the electrode retreats from the 
blisk flow channel is the reverse of the electrode feeding 
path. Therefore, the object of path searching is the 
electrode retreat motion. 
Electrode feeding path searching process can be 
considered as a multi-stage dynamic programming. The 
optimization of electrode attitude at every step can be 
regarded as the subproblem of the path searching. The 
solution to the whole feeding path searching can be 
obtained by the combination of optimal solutions to its 
subproblems. The procedure of solving the optimization 
of the electrode attitude at one step can be applied to the 
same subproblems at other steps. All these 
characteristics make dynamic programming a proper 
method for planning the electrode feeding path [13].  
 
Fig. 1 Schematic diagram of 5-axis EDM of integral shrouded blisk 
 
Fig. 2 Electrode design 
By decomposing the feeding path planning process 
into a number of subproblems, the electrode attitude is 
adjusted at each step. The purpose of the attitude 
adjustment is to make the tangent vector of the electrode 
centre curve coincides with the tangent vector of the 
flow channel centre curve at the geometric centre of the 
flow channel outlet section. If there is interference 
between the blisk and electrode in the tangent tracking 
process, electrode attitude will be re-optimized. The 
flowchart of the tangent tracking method is show in Fig. 
3. 
In this paper, the subscript e  stands for the electrode, 
the subscript b  stands for the flow channel of the blisk, 
and the subscript i  stands for the step i . 
According to the geometric features, the flow channel 
can be divided into n sections. Similarly, the electrode 
can thus be divided into the same number of sections 
starting from the feed ending position. Point biq  is the 
geometric centre of the flow channel section biS , and 
point eiq  is the geometric centres of the electrode 
section eiS . Non-Uniform Rational B-Splines (NURBS) 
Circumferential direction reduce 
Radial direction reduce 
Radial direction divide 
Axial direction divide 
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are used to fit the centre curve )(ucc bb  of the flow 
channel through biq  and the centre curve )(vcc ee  of 
the electrode through eiq .  
 
Fig. 3 Flowchart of the tangent tracking method 
Take the posture of electrode which the geometric 
centers eiq  meet the geometric centre bnq  as the basis 
of optimization step divide. The distances between point 
eiq  and )1(ieq  means the density of the step divide, 
which is related to the tolerance of blade. At step i , the 
attitude that the geometric centers eiq , ni ,,1,0  of 
electrode section meet the geometric centre bnq  of the 
flow channel outlet section, as shown in Fig. 4.  
 
Fig. 4 The location of flow channel centre curve and electrode centre 
curve 
Without loss of generality, the optimization for the 
electrode attitude at step i  is discussed. For step i , the 
optimization of electrode attitude can be divided into 
two phases: pre-optimization and re-optimization. 
The unit tangent vector )( inei vr  of the electrode 
centre curve at bnq  is calculated as 
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Similarly, the unit tangent vector )( nb ur  of the flow 
channel centre curve bc  at point bnq  is obtained as 
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In each step, the unit tangent vector  )( inei vr  needs to 
be rotated in C direction (rotation along the Z axis) and 
A direction (rotation along the X axis) to find an 
electrode-blisk interference free attitude. Here we take 
the rotation of  )( inei vr  in C direction as the example. Its 
rotation in A direction can be similarly conducted. 
In the pre-optimization process, )( inei vr  rotates along 
the Z axis to coincide with )( nb ur . As show in Fig. 5(a), 
suppose  is the angle between the projection of 
)( inei vr  and the projection of )( nb ur  on XOY plane, 
)( inei vr  and )( nb ur  are therefore related by 
)(
100
0cossin
0sincos
)( nbinei urvr                         (5) 
As the pre-optimization finishes, the location of flow 
channel centre curve and electrode centre curve is shown 
in Fig. 5(b). 
 
Fig. 5 Electrode attitude pre-optimization 
If there is no interference between the blisk and 
electrode after pre-optimization, this attitude can be 
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directly used as step i  in the feeding path searching. Due 
to the change of the curvature radius of bc , however, 
the interference is likely to occur. There are many 
methods to judge the interference, which are beyond the 
scope of this paper. If there does exist an interference, 
the pre-optimized attitude needs to be re-optimized. 
As shown in Fig. 6(a), the electrode should rotate 
around the Z axis centre at point bnq to find an electrode-
blisk interference free attitude in the re-optimization 
process. The re-optimization starts from the pre-
optimized attitude. The electrode rotates around the Z 
axis at point bnq  in the direction which is opposite to 
that in the pre-optimization adjustment. Once the 
electrode is not interfered with the blisk, the 
corresponding rotation angle is noted as r1 . The 
electrode continues to rotate until the electrode-blisk 
interference occurs again, and the corresponding rotation 
angle is noted as r2 . After re-optimization, the unit 
tangent vector )( ineri vr  of the electrode centre curve is 
thus obtained as 
)(
100
0cossin
0sincos
)( ineiineri vrvr
                     (6)  
 
Fig. 6 Electrode attitude re-optimization 
where 
2
21 rr  are the re-optimized angle between 
)( ineri vr  and )( nb ur . This attitude is regarded as the 
final optimized attitude at step i , as shown in Fig. 6(b). 
The same procedure for the optimization of electrode 
attitude is conducted at other steps.  
If the re-optimization fails to find an interference-free 
electrode feeding path, the electrode size should be 
reduced, and the feeding path planning process is 
iterated, as demonstrated in the flow chart of Fig. 3. 
3. Experiments and Discussion 
An integral shrouded blisk machining experiment was 
carried out to prove the validity of the tangent tracking 
method. The integral shrouded blisk, which has 35 
circumferentially equi-spaced flow channels, is made of 
Ni-based superalloy GH4169. Due to the structure of 
blisk, the electrode design is similar to the design 
scheme as shown in Fig. 2. The tangent tracking method 
can plan a interference-free electrode feeding path, Fig. 
7 illustrates a series of electrode attitudes on the feeding 
path searched by the tangent tracking method.  
Fig. 7 Electrode feeding path planned with the tangent tracking method 
The machining was carried out on DK7140 5-axis 
electrical discharge machine. The material of the 
electrodes is POCO EDM-C3 copper infiltrated graphite, 
in which the average particle size is less than 5 m. 
Table 1 shows the discharge parameters for machining 
this blisk. Fig. 8 shows the 5-axis EDM process of the 
blisk and the local details of blade. The experimental 
results reveal that the over-cutting has been avoided. The 
machining took 228 hours and 9 pairs of electrodes. 
Compared with the traditional method, the tangent 
tracking method with a larger-size electrode can 
decrease the machining time by 11.42%. 
Table 1 Discharge parameters of blisk machining 
Electrode polarity Pulse duration Pulse pauses Current 
Positive 60  300  16A 
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Fig. 8 5-axis EDM of integral shrouded blisk 
4. Conclusions 
The tangent tracking method is proposed for 
searching the electrode feeding path. The main 
conclusions are listed as follows: 
(1) The electrode feeding path searching can be 
considered as a dynamic programming problem, 
which consists of a series of electrode attitude 
optimization subproblems.  
(2) The optimization subproblems can be divided into 
two stages: pre-optimization and re-optimization. 
In the pre-optimization process, the tangent vectors 
of the electrode centre curves is rotated to coincide 
with that of the flow channel outlet section. If the 
electrode interferes with the blisk, the re-
optimization needs to be conducted to find an 
interference-free path in the vicinity of the pre-
optimized attitude. 
 The experiment results show that the tangent tracking 
method can plan an interference-free feeding path, and 
improves the machining efficiency. Moreover, the 
tangent tracking method can be extended to 6-axis EDM 
and used for other types of integral shrouded blisks. 
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